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ABSTRACT

Purpose Pulsatile delivery of proteins, in which release occurs
over a short time after a period of little or no release, is desirable
for many applications. This paper investigates the effect of biode-
gradable polymer shell thickness on pulsatile protein release from
biodegradable polymer microcapsules.

Methods Using precision particle fabrication (PPF) technology,
monodisperse microcapsules were fabricated encapsulating bo-
vine serum albumin (BSA) in a liquid core surrounded by a drug-
free poly(lactide-co-glycolide) (PLG) shell of uniform, controlled
thickness from 14 to |9 um.

Results When using high molecular weight PLG (Mw 88 kDa),
microparticles exhibited the desired core-shell structure with high
BSA loading and encapsulation efficiency (55-65%). These parti-
cles exhibited very slow release of BSA for several weeks followed
by rapid release of 80-90% of the encapsulated BSA within
7 days. Importantly, with increasing shell thickness the starting
time of the pulsatile release could be controlled from 25 to
35 days.

Conclusions Biodegradable polymer microcapsules with pre-
cisely controlled shell thickness provide pulsatile release with
enhanced control of release profiles.

Electronic supplementary material The online version of this article
(doi: 10.1007/511095-014-1412-5) contains supplementary material, which is
available to authorized users.
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INTRODUCTION

Protein therapeutics are being intensively studied in the bio-
technology and pharmaceutical industries as promising re-
placements for traditional small-molecule drugs due to their
unique structure, high pharmacological potency, highly spe-
cific functions and relatively low side effects [1, 2]. Because
proteins are typically fragile, have very short half-lives i vivo,
and exhibit poor bioavailability, however, frequent injection
or infusion is needed. The limited administration route as well
as poor control of delivery rates have become major obstacles
for the wide application of protein therapeutics [3]. In re-
sponse, research in advanced protein delivery systems seeks to
provide simple, safe and effective methods for administration
with control of delivery rates.

Polymer delivery systems, especially biodegradable poly-
mer microparticles, are a popular and promising drug deliv-
ery method for therapeutic proteins. Polymer microparticles
are relatively easy to fabricate, can be administered via simple
injection, and can provide drug release over time periods up
to several months [4]. By adjusting size distribution as well as
structure of microparticles, researchers were able to tailor
protein release rates [5, 6]. Double-wall microspheres or
microcapsules composed of two distinct materials with either
core-shell or reservoir structure and drug located in one or
both of the phases, have been developed for advanced protein
or drug delivery [7-16]. These particles usually exhibit ex-
tended protein release rates compared to traditional mono-
lithic microspheres. However, there is growing evidence that
continuous delivery may not be optimal for all protein drugs;
pulsatile delivery is preferred in many cases [17-19]. Pulsatile
release is the rapid release of therapeutic during a relatively
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short time window after a period of no or slow release [17, 20].
This naturally occurring mechanism has been mimicked for
the development of pulsatile protein release systems to im-
prove therapeutic efficacy.

Methods to trigger the pulsatile release include self-
degradation/erosion [21], electric fields [22], magnetic fields
[23], exposure to ultrasound or light [24], changes in pH or
temperature [25] and sophisticated microchip-based devices
[26]. Among these, liquid-core biodegradable microparticle
systems are relatively simple to fabricate and do not require an
exterior stimulus. With therapeutics loaded within liquid cores
and surrounded by biodegradable polymer shells, the particle
rupture rate and the drug release can be controlled by the
properties of the polymers as well as structure of the micro-
capsules [27-29]. However, due to the relatively broad distri-
bution of particle size and polymer shell thickness, the pulsatile
release profiles are usually irregular and often difficult to
control [30]. In this study, we report the first example of
monodisperse microcapsules composed of a protein-
containing liquid core and uniform poly(lactide-co-glycolide)
(PLG) shell as release rate-controlling layer using precision
particle fabrication technique (PPF) [28, 31].

MATERIALS AND METHODS
Materials

Poly(D,L-lactide-co-glycolide) (PLG, Mw 15 kDa, 38 kDa and
88 kDa; lactide: glycolide 50:50) were purchased from
LACTEL Absorbable Polymers. Chromatography grade di-
chloromethane (DCM) was obtained from Sigma-Aldrich.
Bovine serum albumin (BSA, Mw 66,700 Da) and dimethyl
sulfoxide (DMSO) were purchased from Fisher Scientific.
Poly(vinyl alcohol) (PVA, Mw 25,000 Da, 88% hydrolyzed)
was purchased from Polysciences. Tween 80 was purchased
from Acros Organics. Canola oil was purchased from Spec-
trum Naturals. Bicinchoninic acid (BCA) protein assay re-
agent was obtained from Pierce.

Liquid-Core Microcapsules Fabrication

A triple nozzle system was employed for producing liquid-core
microcapsules using PPF (Supplementary Information
Fig. S1). A 23-guage steel hypodermic needle (PrecisionGlide,
Becton Dickinson Co.) with flat tip was used as the innermost
nozzle, which was surrounded coaxially by the inner glass
nozzle (1.5 mm OD, 0.84 mm ID) made from a glass capillary
(World Precision Instrument, Inc.). The outer glass nozzle
(2.5 mm OD, 1.5 mm ID) surrounded the inner glass nozzle
and was made of Pyrex glass (Kimax).

BSA (100 mg/mL in deionized water) was emulsified with
canola oil at a volumetric ratio of 1:3 (aqueous:organic) by
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sonication (CE Converter 102 C, Branson) in an ice-water
bath at 50% amplitude for 1 min with a 15 s interval in the
middle to form the core phase. The shell phase was 10%w/v
PLG dissolved in DCM. PVA water solution (0.5%w/v) was
used as non-solvent carrier stream.

The core phase BSA/canola oil emulsion passed through
the innermost metal nozzle and the shell PLG solution passed
through the concentric inner glass nozzle. The outermost glass
nozzle was for PVA non-solvent carrier stream. The frequen-
cy generator (Agilent 33220A) and piezoelectric transducer
(GV 33, Sonic & Materials Inc.) generated an acoustic wave
on the nozzle system to break the exiting streams into uniform
droplets. Nascent microcapsules were collected in 500 mL of
0.5% PVA solution and were stirred for 1 h to allow for DCM
extraction and evaporation. The particles were filtered (Filter
Paper #4, Whatman), washed three times with deionized
water, and lyophilized for 48 h. Samples were stored until
use in a —20°C freezer with desiccant.

Particle Size Distribution

The size distributions of nascent particles (wet particles before
lyophilizing) were determined using a Coulter Multisizer 11T
(Beckman Coulter Inc.) with a 200 pm aperture in Isoton II.
More than 5,000 particles were measured for each sample.

Initial Core Engulfment

Initial core engulfment efficiencies (i.e., the percentage of
particles exhibiting cores completely surrounded by shell
PLG) were determined for each microparticle sample using
light microscopy (Invertoskop, Zeiss). Optical micrographs of
several hundred microparticles were captured for each sample
at the particle midline. Visual observation was used to deter-
mine the number of particles with fully encapsulated cores
relative to the total number of particles imaged. All particles
exhibiting partial engulfment, for which the core is either
protruding from or contacting the exterior wall of the shell,
have been treated as not encapsulated.

Protein Loading

Samples of approximately 10 mg of microcapsules were dis-
solved in 100 pLL DMSO. The solution was pipetted into 1 mL
of phosphate-buffered saline (PBS, pH 7.41+0.05) then incu-
bated for 1 h at 37°C with shaking at 240 rpm. The mixture
was centrifuged for 10 min at 10,000 rpm, and BSA concen-
tration in the supernatant was determined using bicinchoninic
acid (BCA) assay. All absorbance measurements were taken
on a SpectraMax 340 PC reader equipped with SoFFI'Max
Pro software. The loading equaled the mass of BSA per mass
of particles. The encapsulation efficiency equaled the actual
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BSA loading divided by theoretical BSA loading multiplied by
100.

In Vitro BSA Release

For each batch of microcapsules, a sample of approximately
30 mg was suspended in 1.25 mL release buffer consisting of
0.05% (v/v) Tween 80 (to prevent particle agglomeration) and
PBS, pH 7.4. These samples were incubated at 37°C with
shaking (240 rpm). At various time points, 1.0 mL supernatant
was removed and replaced with fresh media in order to
maintain constant pH sink condition. Blank microcapsules
(same fabrication parameters, except no protein was added)
were treated the same way and the supernatants at various
time points were collected as controls. The release study was
performed in triplicate, and BSA concentrations in the col-
lected supernatants were measured using BCA assay (Pierce)
with absorbance corrected by absorbance of supernatants
from blank microcapsules.

Scanning Electron Microscopy (SEM)

Microcapsules were prepared for imaging by placing a droplet
of an aqueous particle suspension on a silicon stub. The
samples were dried overnight and sputter coated with gold
and platinum prior to imaging. In order to image the cross-
sections, microparticles were frozen in liquid nitrogen and
fractured using a razor blade on a glass slide, resuspended in
a water droplet, and mounted on silicon stubs. The JEOL
6060 LV scanning electron microscope was used at an accel-
eration voltage of 3—15 kV.

Particle Degradation/Erosion Study

For each batch of microcapsules, a sample of approximately
5 mg was suspended in 1.25 mL release buffer consisting of
0.05% (v/v) Tween 80 and PBS. These samples were incubat-
ed at 37°C with shaking (240 rpm). As in the release experi-
ment, the buffer was replaced periodically to maintain con-
stant pH. At various time points, all supernatant was removed
and the samples were frozen and lyophilized for at least 48 h.
The samples were prepared for SEM as described above.

SDS-PAGE

BSA 1in supernatants during i vitro release was subjected to
non-reduced sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) using precast gradient gels (4-20%
Tris—HCl/glycine) and Mini-PROTEAN II system (Bio-Rad
Laboratories, Inc.). Running buffer (25 mM Tris, 192 mM
glycine and 0.1% (w/v) SDS, pH 8.3) was diluted from 10x
Tris/Glycine/SDS buffer. Samples were diluted 1:1 in
Laemmli sample buffer (62.5 mM Tris—=HCI, pH 6.8, 25%

glycerol, 2% SDS, 0.01% Bromophenol blue) under non-
reducing conditions (without B-mercaptoethanol or DTT),
and heated for 1 min at 95°C prior to loading. Gels were
electrophoresed for 40 min at 200 V and then stained with
Coomassie blue to visualize the protein bands.

RESULTS

Production of Monodisperse BSA-Loaded Liquid-Core
Microcapsules

We investigated the effects of PLG molecular weight (15 kDa,
38 kDa and 88 kDa) on particle fabrication and BSA encap-
sulation. By changing PLG shell-phase flow rates while keep-
ing the liquid core-phase flow rate constant, we were able to
fabricate BSA-loaded liquid-core microcapsules with different
shell thickness. Based on the measured diameter of microcap-
sules as well as monolithic microspheres, PLG shell thickness
can be calculated (Table I and Supplementary Information).
The calculated liquid core diameter was constant at 45—
46 pm, and the shell thickness of PLG increased from
~14 pm to ~19 pm upon increasing the PLG shell phase flow
rate from 30 mL/h to 50 mL/h.

Core engulfment was evaluated for each batch of liquid-
core microcapsules by transmitted light microscopy (Fig. 1).
For lower PLG molecular weight (15 kDa), liquid-core
engulfment efficiencies were low (11, 7 and 4%), and many
of the microparticles exhibited “acorn”-shape structures with
liquid cores protruding at one side. For PLG molecular weight
38 kDa, liquid-core engulfment efliciencies were higher (36,
49 and 17%), but the majority of microparticles were not fully
encapsulated. When PLG molecular weight was increased to
88 kDa, high core engulfment efficiencies were achieved (97,
93 and 91%). With one exception (38 kDa PLG, flow rate
40 mL/h), core engulfment efficiency decreased with increas-
ing PLG shell flow rate (Table II).

Protein Loading and Encapsulation Efficiency of Liquid-
Core Microcapsules

Initial protein loading and encapsulation efficiency were mea-
sured after extracting BSA from the particles (Fig. 2). The
BSA loading and encapsulation efficiency decreased as PLG
shell flow rates increased from 30 mL/h to 50 mL/h except
for the sample with PLG Mw 38 kDa and shell flow rate
40 mL/h, which is in accordance with core engulfment effi-
ciency. In addition, lower PLG molecular weight led to lower
loading and encapsulation efficiency. When PLG molecular
weight increased to 88 kDa, most of the BSA-loaded liquid
cores were fully surrounded by the polymer shell (Table II)
and the BSA encapsulation efficiencies reached 55-65%.
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Table I Dimensions of Monolithic Microspheres (MS) and Liquid-Core Microcapsules (MC)

Sample  PLG Mw (kDa)  PLG flow rate (mL/h)  Outer diameter, measured (um)  Core diameter, calculated (um)  Shell thickness, calculated (um)

MS I5 30 68.2 N/A® N/A
MS I5 40 73.0 N/A N/A
MS I5 50 784 N/A N/A
MC I5 30 74.8 46.7 14.1
MC I5 40 78.8 46.4 16.2
MC I5 50 83.0 45.0 19.0
MS 38 30 66.9 N/A N/A
MS 38 40 73.2 N/A N/A
MS 38 50 78.6 N/A N/A
MC 38 30 734 45.9 13.8
MC 38 40 79.0 46.4 16.3
MC 38 50 83.4 45.7 18.9
MS 88 30 69.0 N/A N/A
MS 88 40 74.1 N/A N/A
MS 88 50 80.0 N/A N/A
MC 88 30 75.1 45.6 14.7
MC 88 40 79.9 46.9 16.5
MC 88 50 84.6 46.6 19.0

*N/A, not applicable

PLG Flow Rate 40 mL/h PLG Flow Rate 50 mL/h

i ks | P, :
Fig. | Transmitted light microcopy of microcapsules with different PLG molecular weight (15, 38 and 88 kDa) and PLG shell flow rates (30, 40 and 50 mL/h).
Scale bar = 50 um.
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Table Il Microcapsule Core Engulfment Efficiency (%) = Standard
Deviation

PLG flow rate (mL/h)

30 40 50
PLG Mw |5 kDa [1=4 7+3 4+2
PLG Mw 38 kDa 36+6 49+8 I17x5
PLG Mw 88 kDa 97+3 93x2 913

BSA in Vitro Release

BSA release profiles were obtained relative to the measured
protein loading of liquid-core microcapsules (Fig. 3). The final
amount released reached 100-115%, most likely due to
under-estimation of the initial loading caused by incomplete
extraction of BSA from the microcapsules.

For 15 kDa PLG, the liquid-core engulfment efficiencies
(4=11%, Table II), BSA loading, and encapsulation efficiency
(Fig. 2) were low. Most of the liquid cores containing BSA
were either protruding from one side of the particles or
attached on the surface of microparticles. The corresponding
BSA release rates were very fast, and complete BSA release
was reached at ~10 days (Fig. 3a).

For 38 kDa PLG, with PLG shell flow rates of 30 and
40 mL/h, the liquid-core engulfment efficiencies were 36 and
49%, respectively. BSA release rates were relatively fast from
day 1 to day 10, probably due to the microparticles with the
liquid cores not fully encapsulated. Subsequently, release rates
decreased, and complete BSA release was observed at
~40 days. For PLG flow rates of 50 mL/h, the liquid-core
engulfment efficiency was only 17%, and fast BSA release was
observed, similar to microparticles with 15 kDa PLG, with
complete BSA release at ~20 days (Fig. 3b).

Microparticles with higher PLG molecular weight (Mw
88 kDa) achieved high liquid core engulfment efficiencies
(91-97%, Table II). The BSA release profiles were very
different compared to microparticles containing lower
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Fig. 3 In vitro release profiles of liquid-core microcapsules of different PLG
molecular weight (@), 15 kDa; (b), 38 kDa; (c), 88 kDa) with different PLG
shell flow rate (30, 40 and 50 mL/h) and calculated shell thickness (~ 14, 16
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Fig. 2 Microcapsule loading (a) and encapsulation efficiencies (b) of different PLG molecular weight (15, 38 and 88 kDa) with PLG shell flow rates (30, 40 and
50 mL/h) and corresponding calculated PLG shell thickness (~14, 16 and |9 um).
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molecular weight PLG. For PLG shell flow rates 30 mL/h
(calculated shell thickness 14.7 pm, Table I), only ~10% BSA
was released in the first ~20 days. From day 25 to day 32, the
remainder of the BSA was released. For PLG shell flow rates
40 mL/h (calculated shell thickness 16.5 pm, Table I), ~20%
of encapsulated BSA was released by 32 days, and a BSA
burst release was observed from day 32 to day 40. For PLG
shell flow rates 50 mL/h (calculated shell thickness 19.0 pm,
Table I), similarly, ~25% of BSA was slowly released by day
35, followed by rapid, complete release of BSA at day ~42
(Fig. 3c¢).

Surface and Interior Morphology of Liquid-Core
Microcapsules

Scanning electron microscopy was employed to study the
initial morphology of the microparticle surface and interior.
For core-shell microcapsules, cross-section micrographs were
obtained, while for the poorly formed microparticles, only
higher magnification micrographs of the particle surfaces were
obtained (Fig. 4, Iig. S3).

For microcapsules with lower PLG molecular weight (15,
38 kDa), microparticles were clearly not spherical; only the
solid remainder of the acorn-shape particles was observed. For
15 kDa PLG, porous structures were observed on the surface
for PLG shell flow rate 30 mL/h, while increasing PLG shell
flow rate to 40 and 50 mL/h, the surfaces became relatively
smooth. For 38 kDa PLG, wrinkles appeared on the surfaces
of all microparticles. Upon increasing PLG molecular weight
to 88 kDa, spherical microparticles were observed. Porous
structures and wrinkles appeared on the surface of these

30mL/h, 14 pm

4 - o

Fig.4 SEM images of microcapsules of PLG molecular weight 88 kDa with PLG shell flow rate (30, 40 and 50 mL/h) and calculated shell thickness (~ 14, 16 and
19 um).
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40 mL/h, 16 um

microcapsules, and the cross-section micrographs revealed
core-shell structures (Fig. 4).

Liquid-Core Microcapsules Morphology During in Vitro
Degradation/Erosion

To better understand the degradation and erosion of the
liquid-core microcapsules and to correlate BSA with release
profiles, microcapsules (PLG Mw 88 kDa, PLG shell flow rate
30, 40 and 50 mL/h) were imaged by SEM at various times
during the release experiment (Fig. 5).

For microcapsules with PLG shell flow rate 30 mL/h
(calculated shell thickness 14.7 pm), surface porosity
increased from day 10 to day 20, and at day 30 micro-
capsules had collapsed. These results were in accor-
dance with the wm vitro BSA release profile in which
most of the protein was released from day 25 to 32.
For microcapsules with PLG flow rates 40 mL/h and
50 mL/h, similarly, surface porosity increased before
particles broke into pieces between 30 and 40 days.
These results also agreed with i wvitro release profiles
in which these two batches of microcapsules showed a
pulsatile release from days ~32—40 and days ~35-42,
respectively.

BSA Stability During in Vitro Release

BSA in supernatants from the m vitro release was exam-
mned using SDS-PAGE as a measure of stability of the
released protein. No reducing agent such as f-
mercaptoethanol or DTT was used, to preserve any
disulfide-linked protein aggregates. BSA may undergo

50 mL/h, 19 um

-
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Day 10

Day 20

covalent or non-covalent aggregation as well as hydro-
lysis during matrix degradation and erosion, because
BSA may attach to the matrix and the microclimate
within the particles may become acidic [32]. Non-
reduced SDS-PAGE was performed on samples from
days 28, 35 and 39 for 88 kDa microcapsules with
PLG shell flow rates of 30, 40 and 50 mL/h, respec-
tively. Primarily BSA monomers (around 60 kDa) were
observed with no detectable BSA aggregation or degra-
dation bands revealed (Fig. 6).

DISCUSSION

Biodegradable microparticle size distribution and structure
are crucial factors for controlling protein delivery rates. We
have produced monodisperse liquid-core microcapsules with
core-shell structure using PPF. The fragile liquid cores with
encapsulated model protein BSA can be properly confined
using biodegradable polymer PLG of high molecular weight.

Fabrication of liquid-core microcapsules is dependent on
polymer solution phase (PLG in DCM) fully spreading over
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80 kDam-
60 kDam o e

25 kDam-

Fig. 6 SDS-PAGE gel of BSA in supernatants of liquid-core PLG (Mw
88 kDa) microcapsules: Lane |: protein ladder (10-250 kDa); lane 2: fresh
BSA solution; lane 3: BSA from liquid-core microcapsules with PLG shell flow
rate 30 mL/h at Day 28; lane 4: BSA from liquid-core microcapsules with PLG
shell flow rate 40 mL/h at day 35; lane 5: BSA from liquid-core microcapsules
with PLG shell flow rate 50 mL/h at day 39.

the liquid-core phase (emulsion of canola oil and BSA water
solution). The engulfment is described by spreading coeflicient
theory as developed by Harkins [33]. Torza and Mason
extended Harkin’s theory to systems of two immiscible phases
suspended in a third immiscible phase [34]. Equation (1)
allows calculation of the spreading coeflicient for each phase
from the interfacial tensions between the phases: Yo, Y03 and

Yis3-
Ny = YV Vi (1)

Since y;;=7j;, there are only three independent spreading
coeficients defining the system, and these can be referred to
by their first subscript:

M = Ao =M\i3
ha = Aoz = Mg (2)
A3 = A3 = 3o

Assuming phase 2 is the suspending PVA phase and phase
1 (liquid core) is specified to be such that y;o>7v30 (i.e. A; <0), it
1s found that only three possible scenarios exist for the values
of the spreading coefficients in Table III. Case A is total
engulfment of liquid core by PLG solution phase (phase 3),
Case B 1s partial engulfment, and Case C is no engulfment
(Fig. 7). By Harkins’ definition, a positive spreading coeflicient
leads to spreading. In Case A, total engulfment will occur

Table Il Prediction of

Final Configuration Based Case A Case B Case C
on Spreading Coefficients
A <0 A <0 A <0
)\2 <0 )\2 <0 )\2 >0
)\3 >0 )\3 <0 )\3 <0

@ Springer

2 2 2
a b c
Fig. 7 Schematic of possible liquid phase and PLG phase spreading config-

urations: (a) total engulfment (core-shell microcapsules), (b) partial engulfment
(acorn-shape) and (c) no engulfment.

since Ag 1s positive, i.e. PLG phase wants to spread on liquid
core. FFor Case B, since all spreading coeflicients are negative,
none of the phases wants to spread on any of the others, and a
three component line interface results (acorn-shape structure).
When spreading coefficient 1 and 3 are negative but 2 is
positive, a separate phase system is present. In this case the
solvent PVA wants to spread around both liquid core and
PLG shell.
Interfacial tension is commonly approximated as

Vi = <\/7; - \/y_J) 2 [35], where y; is the liquid/air surface
tension. For PLG, PVA and liquid-core emulsion, the exact y;
is unknown. Since polymer surface tension increases with
molecular weight [36], interfacial tension of PLG/PVA (ys9)
as well as interfacial tension of PLG/liquid core (ys;) can

either increase (if /y3 > /72 , \/¥3 > /71 ) or decrease (if
V73 < V725 /73 < /71 ) with molecular weight. Thus, the

sum of Y31 +Y30 can also increase or decrease with increasing
PLG molecular weight. For lower PLG molecular weight (15,
38 kDa), acorn-shape microparticles comprised a large per-
centage of the particles, so Gase B appears to have occurred
and A3=Y12= Y31~ Y32 = Y12~ (Y31 T ¥32) < 0. Thus, y19<y3 +

Y30 (i.e. interfacial tension of liquid-core phase/PVA is smaller
than the sum of interfacial tension of PL.G solution with the
two other phases). Upon increasing PLG molecular weight to
88 kDa, most microparticles are core-shell structure micro-
capsules, so Case A apparently occurred and Az=y19— Y3

—Y30=Y12— (Y31 +V32) > 0, thus y19>73;+ Y30 (i.c. interfacial
tension of liquid-core phase and PVA is bigger than the sum of
interfacial tension of PLG with two other phases).

The transmitted light microscopy as well as BSA loading
and encapsulation efficiency confirmed that when the PLG
fully encapsulated the liquid core forming the core-shell struc-
ture, BSA loading and encapsulation efficiency were high.
From BSA n vitro release profiles, we found that only micro-
capsules with core-shell structure generated pulsatile or burst
release after microparticles were incubated for several weeks.
In addition, with increasing PLG shell flow rates and, thus,
increasing PL.G shell thickness, the starting time of pulsatile
release was delayed.

SEM was used to study the initial microparticle morphol-
ogy and microcapsule morphology during u vitro degradation.
For 88 kDa PLG microcapsules, core-shell structures were
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observed throughout degradation until the microcapsules col-
lapsed. The surfaces became more porous and microcapsules
gradually lost spherical shape during degradation. The pulsa-
tile release profiles correlated with the time at which micro-
capsules ruptured. Throughout degradation, the porous struc-
tures probably caused by PLG degradation developed in the
PLG shell until the microcapsules ruptured and most BSA was
released within a short time.

Only monomeric BSA was observed in the released protein
samples. This result contrasts with many reports of protein
release from PLG microparticles in which aggregation and
proteolysis are often observed [37, 38]. It is well known that
the low pH microenvironment within degrading PLG parti-
cles, resulting from accumulation of acidic polymer degrada-
tion products, plays a major role in the loss of protein stability
[39, 40]. We suggest that the unusual stability of released BSA
observed in this work was due to loading of BSA in the oil-
based core, which may have prevented acidic degradation
products from reaching the protein-containing domains with-
in the core. It remains possible, however, that some fraction of
the encapsulated BSA was converted to insoluble aggregates
that were not released from the particles. Future research will
investigate the mechanisms of protein stability within the
microcapsules and the stability of any BSA remaining in the
particles.

CONCLUSIONS

Monodisperse liquid-core microcapsules with different shell
thickness were successfully fabricated using precision particle
fabrication by keeping the liquid-core phase flow rate constant
while gradually increasing PLG shell flow rate (30 mL/h,
40 mL/h and 50 mL/h). By using higher molecular weight
PLG (88 kDa), most microparticles exhibited core-shell struc-
ture, and BSA loading and encapsulation efficiency were high.
The wn vitro release profiles of BSA confirmed the hypothesis
that BSA pulsatile release could be achieved using liquid-core
microcapsules, and increasing microcapsule shell thickness
while keeping the protein-loaded liquid core diameter con-
stant postponed the starting time of pulsatile release.
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